Stimulation of vascular calcium-sensing receptors (CaSRs) is reported to induce both constrictions and relaxations. However, cellular mechanisms involved in these responses remain unclear. The present study investigates the effect of stimulating CaSRs on vascular contractility and focuses on the role of the endothelium, nitric oxide (NO) and K + channels in these responses. In wire myography studies, increasing [Ca 2+ ] o from 1 mM to 6 mM induced concentration-dependent relaxations of methoxamine pre-contracted rabbit mesenteric arteries. [Ca 2+ ] o -induced relaxations were dependent on a functional endothelium, and were inhibited by the negative allosteric CaSR modulator Calhex-231. [Ca 2+ ] o -induced relaxations were reduced by inhibitors of endothelial NO synthase, guanylate cyclase, and protein kinase G. CaSR activation also induced NO production in freshly isolated endothelial cells (ECs) in experiments using the fluorescent NO indicator DAF-FM. Pre-treatment with inhibitors of large (BKCa) ] o also activated IKCa currents in perforated-patch recordings of isolated mesenteric artery ECs. These findings indicate that stimulation of CaSRs induces endothelium-dependent vasorelaxations which are mediated by two separate pathways involving production of NO and activation of IKCa channels. NO stimulates PKG leading to BKCa activation in vascular smooth muscle cells, whereas IKCa activity contributes to endothelium-derived hyperpolarisations.
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Introduction
Stimulation of plasmalemmal Ca ] o ) is involved in maintaining plasma Ca 2+ homeostasis through regulation of parathyroid hormone from the parathyroid gland, intestinal Ca 2+ absorption, and renal Ca 2+ excretion [1] . It is also apparent that CaSRs are expressed in tissues not involved in plasma Ca 2+ homeostasis, including the Cardiovascular system [2] . In the presence of closely regulated plasma Ca 2+ levels, regulation of CaSRs is considered possible, as interstitial and localised [Ca 2+ ] o is likely to vary sufficiently at the surface of cells [1, 3] . In the vasculature, CaSRs are expressed in perivascular nerves, endothelial cells (ECs), and vascular smooth muscle cells (VSMCs), and stimulation of these CaSRs is proposed to regulate vascular tone [2, 4] . Consequently, CaSRs and their associated cellular mechanisms are considered novel targets for controlling blood pressure. In addition, stimulation of CaSRs in the vasculature may also explain potential Cardiovascular risk following Ca 2+ supplements [5] . To date there is little consensus on the function of CaSRs in the vasculature, with findings suggesting that stimulation of CaSRs induces both vasoconstrictions and vasorelaxations through diverse cellular mechanisms [2, 4] . Stimulation of CaSRs on perivascular nerves is proposed to evoke synthesis and release of nitric oxide (NO) or vasoactive lipids from pre-synaptic terminals, which activate large conductance Ca 2 + -activated K + channels (BK Ca ) in adjacent VSMCs that induces membrane hyperpolarisation and subsequent vasorelaxation [6] [7] [8] [9] . In addition, activation of CaSRs on ECs is reported to generate NO [10] [11] [12] [13] or induce activation of intermediate conductance Ca 2+ -activated K + channels (IK Ca ) [14] [15] [16] , which act as endothelium-derived relaxation or hyperpolarisation factors to also induce vasorelaxations. In contrast, CaSR-induced activation of Gq-and MAPK kinase-mediated pathways in VSMCs are linked to vasoconstriction [17, 18] and cell proliferation [19] [20] [21] [22] respectively. Taken together, these findings indicate that the effect of stimulating CaSRs in the vasculature is likely to be multifaceted. However, many of the studies examining the functional role of vascular CaSRs have used calcimimetic compounds rather than endogenous CaSR ligands to activate the receptor. Importantly, these agents ] o , an endogenous CaSR activator, and also focuses on the contribution of the endothelium, NO production and K + channels in rabbit mesenteric arteries. In experiments using wire myography, fluorescence microscopy and electrophysiological techniques, we show that CaSRs are expressed in ECs and VSMCs, and that stimulation of CaSRs induces endothelium-dependent relaxations of methoxamine-induced pre-contracted vessels through production of NO and activation of IKCa channels.
Methods

Cell and vessel segment preparation
Male New Zealand White rabbits (2.5-3 kg) were killed by intravenous injection of sodium pentobarbitone (120 mgkg ] o , plated onto coverslips, and left at 4°C for 1 h before use. To obtain isolated VSMCs, a similar technique was used except that initially the endothelium was gently removed from vessels with a cotton bud, and then the vessels were exposed to an enzyme solution containing collagenase ( 
Immunocytochemistry
Freshly dispersed ECs/VSMCs were fixed onto borosilicate coverslips with 4% paraformaldehyde (Sigma-Aldrich, Gillingham, UK) for 10 min, washed 4 times with phosphate-buffered saline (PBS), and permeabilised with PBS containing 0.1% Triton X-100 for 20 min at room temperature. Cells were then washed 4 times with PBS and incubated with PBS containing 1% bovine serum albumin (BSA) for 1 h at room temperature. The cells were then incubated overnight at 4°C with mouse anti-CaSR antibody (1:200) and either goat anti-PECAM-1 (1:200) for ECs or goat anti-α-actin (1:100) for VSMCs in PBS containing 1% BSA. In control experiments, cells were incubated without primary antibodies. The cells were then washed 4 times with PBS and incubated with secondary antibodies conjugated to a fluorescent probe for 1 h (Alexa Fluor 546-conjugated donkey anti-mouse antibody (1:500) and Alexa Fluor 488-conjugated donkey anti-goat antibody (1:500). Unbound secondary antibodies were removed by washing with PBS, and nuclei were labelled with 4′,6-diamidino-2-phenylindole (DAPI) mounting medium (Sigma-Aldrich). Cells were imaged using a Zeiss LSM 510 laser scanning confocal microscope (CaSRl Zeiss, Jena, Germany). Excitation was produced by 543 nm or 488 nm lasers and delivered to the specimen via a Zeiss Apochromat ×63 oil-immersion objective. Emitted fluorescence was captured using LSM 510 software (release 3.2; CaSRl Zeiss). Two-dimensional images cut horizontally through the middle of the cells were captured and raw confocal imaging data processed using Zeiss LSM 510 software. Final images were produced using PowerPoint (Microsoft XP; Microsoft, Richmond, WA, USA).
Nitric oxide imaging
ECs were placed in a sterilised 96-well plate and left for 1 h at 4°C. ] o were captured using a Zeiss Axiovert 200 M Inverted microscope and processed and analysed using AxioVision SE64 Software (Rel. 4.9.1; CaSRl Zeiss). 10 μM CCh was used as a positive control. Additional experiments were CaSRried out to investigate the origins of the baseline fluorescence observed in ECs loaded with DAF-FM diacetate. In these studies, fluorescence changes were recorded 30 min after the addition of the inhibitors tested or their respective vehicles. Changes in fluorescence were quantified by selecting a cell as a region of interest (ROI) and comparing fluorescence levels within the ROI before and after the experimental protocols and analysed using unpaired Student's t-test with p b 0.05 considered significant. Figures and analysis were made using Graphpad Prism 6 (GraphPad Software, Inc., San Diego, CA, USA).
Electrophysiology
Whole-cell and perforated-patch configurations of the patch clamp technique were used to record K + conductances. 
Materials
Mouse anti-CaSR (SC-47741), goat anti-PECAM-1 (SC-1506), goat anti-α-actin (SC-1616), and secondary antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX, USA). All other materials were purchased from Sigma-Aldrich (Sigma Chemical Co., Poole, UK) or Tocris (Tocris Biosciences, Bristol, UK). Drugs were dissolved in distilled water or dimethyl sulfoxide (DMSO).
Results
Stimulation of CaSRs induces endothelium-dependent vasorelaxation of rabbit mesenteric arteries
In our initial experiments, we investigated the functional role of CaSRs in rabbit mesenteric arteries by studying the effect of increasing [Ca 2+ ] o on pre-contracted tone evoked by 10 μM methoxamine. ] o evoking concentration-dependent vasorelaxations that were abolished with the removal of the endothelium (Supplementary Figure S1) .
To examine if [Ca 2+ ] o -induced relaxations of methoxamine precontracted tone were mediated by stimulation of CaSRs, we pretreated vessel segments with Calhex-231, a negative allosteric modulator of CaSRs [25] . Fig. 2A shows that 3 μM Calhex-231 inhibited [Ca 2+ ] o -induced relaxations compared to time-matched vehicle controls. In control experiments, 3 μM Calhex-231 had no effect on CCh-induced relaxations of pre-contracted tone (Supplementary Figure S2 ) indicating that this calcilytic did not affect the general ability of vessel segments to relax. Consistent with our ideas for an involvement of CaSRs, Fig. 2B shows that CaSRs were expressed in freshly isolated rabbit mesenteric ECs and VSMCs using immunocytochemistry. These results provide clear evidence that stimulation of CaSRs induces a profound endothelium-dependent relaxation.
Generation of NO in endothelial cells contributes to CaSR-mediated relaxations
A role for NO has been proposed to mediate actions of CaSRs in the vasculature [10] [11] [12] , and therefore we wished to explore if NO contributed to the CaSR-induced endothelium-dependent vasorelaxations described above. We first studied the effect of L-NAME, an endothelial NO synthase (eNOS) inhibitor, on [Ca 2+ ] o -induced relaxations of pre-contracted tone. Fig. 3A shows that pre-treatment with 300 μM L-NAME produced a pronounced inhibition of [Ca 2 + ] oinduced vasorelaxations. It is well-established that NO induces vasorelaxations through a pathway involving guanylate cyclase (GC), production of cGMP, and stimulation of protein kinase G (PKG) activity, which subsequently regulates contractile mechanisms in vascular smooth muscle [26] . Fig. 3B and C show that pre-treatment with the GC inhibitor, ODQ (10 μM), and the PKG inhibitor KT5823 (1 μM), also produced marked inhibition of [Ca 2+ ] o -induced relaxations of precontracted tone. Previous studies have shown that PKG may act to suppress EDH mechanisms and that inhibition with KT5823 can evoke significant EDH-mediated vasorelaxations [27] . As Supplementary Figure S3 shows, 1 μM KT5823 induced endothelium-dependent relaxations of pre-contracted tone which were inhibited by co-application of the IKCa blocker charybdotoxin (CbTX) and the SKCa blocker apamin. It is therefore possible that KT5823-mediated vasorelaxations may have contributed to an underestimation of the inhibitory action of KT5823 on CaSR-mediated responses.
To further investigate if stimulation of CaSRs evokes an increase in NO production, we studied the effect of increasing [Ca 2 + ] o on NO generation in freshly isolated mesenteric artery ECs using the cellpermeable fluorescent NO indicator DAF-FM. Fig. 4A and B demonstrates that increasing [Ca 2 + ] o from 1 mM to 6 mM enhanced basal fluorescence by over 30% compared to time-matched vehicle controls, and that these responses were reduced by pre-treatment with 3 μM Calhex-231 and 300 μM L-NAME. Fig. 4C and D also shows that basal fluorescent levels recorded in 1 mM [Ca 2+ ] o were reduced by 3 μM Calhex-231 and 300 μM L-NAME. Positive control experiments revealed that CCh-evoked increases in fluorescence in 1 mM [Ca 2 + ] o which were unaffected by 3 μM Calhex-231 but as has been shown previously [28] , were inhibited by 300 μM L-NAME (Supplementary Figure S4) . These results provide strong evidence that stimulation of CaSRs evokes NO production in mesenteric artery ECs leading to PKGdependent vasorelaxations.
Voltage-gated and Ca
2+
-activated K + channels also contribute to
CaSR-mediated vasorelaxations
It is well recognised that IKCa and SKCa channels expressed in ECs have pivotal roles in mediating endothelium-derived hyperpolarisations which couple to relaxation of VSMCs [29, 30] , and IKCa channel activity is also linked to CaSR-mediated hyperpolarisations and vasorelaxations [14] [15] [16] (Fig. 5A) . Figure S5) . Fig. 5C ] o -induced relaxations by using L-NAME to inhibit eNOS and CbTX to block BKCa and IKCa channels. As expected, Fig. 5D illustrates that co-application of 300 μM L-NAME and 100 nM CbTX abolished [Ca 2+ ] o -induced relaxations of pre-contracted tone. In fact, in the presence of L-NAME and CbTX responses to [Ca 2+ ] o were similar to those induced in the absence of a functional endothelium (Fig. 1A and B) , with [Ca 2+ ] o inducing a marked potentiation of pre-contracted tone. These results suggest that activation of BKCa and IKCa channel induces hyperpolarisations which have significant roles in mediating CaSR-induced relaxations in rabbit mesenteric arteries. Since BKCa and IKCa channels are selectively expressed in VSMCs and ECs respectively, it is likely that CaSRs induce BKCa channel activity through the NO/PKGmediated pathway described above whereas CaSRs activate IKCa channels via an unknown mechanism.
Stimulation of CaSRs activates IKCa currents
To provide further evidence that stimulation of CaSRs induces activation of IKCa channels in ECs, we carried out electrophysiological recordings using whole-cell and perforated patch configurations of the patch clamp technique from freshly isolated rabbit mesenteric artery ECs. Fig. 6A and B show that in the absence of Ca 2+ in the patch pipette solution, application of voltage ramps from − 100 mV to + 100 mV from a holding potential of −60 mV evoked a linear mean whole-cell current which reversed near to the equilibrium potential for K + ions (E K is −80 mV), and was inhibited by the non-selective voltage-gated K + channel blocker tetraethylammonium (TEA). Fig.6C and D shows that inclusion of 3 μM free Ca 2+ in the patch pipette solution evoked a much larger mean whole-cell current, which displayed inward rectification at positive potentials, and reversed close to E K . Mean whole-cell currents induced by 3 μM free Ca 2+ were reduced by 100 nM CbTX and further inhibited by co-applications of 100 nM CbTX with 100 nM apamin. In these latter conditions, the mean whole-cell current resembled the linear current induced in the absence of Ca
2+
. These findings show that rabbit mesenteric ECs express functional native IKCa and SKCa channels as previously described in other native ECs [24, [33] [34] [35] [36] [37] . Fig. 7A and B demonstrate that increasing [Ca 2+ ] o from 1 mM to 6 mM evoked a mean macroscopic current using the perforated patch configuration which had similar inward rectification at positive potentials and reversal potential to the mean whole-cell current induced by 3 μM free Ca
. Fig. 7A and B shows that the mean [Ca 2+ ] o -induced current was inhibited by application of 3 μM Calhex-231 but was not affected by 300 μM L-NAME. Moreover, Fig. 7C and D shows that the mean [Ca 2+ ] o -induced current was reduced by 100 nM CbTX but was unaffected by 100 nM apamin. These results indicate that stimulation of CaSRs evokes native IKCa currents in rabbit mesenteric artery ECs via a NO-independent pathway.
Discussion
This study shows that stimulation of CaSRs by increasing [Ca 2+ ] o induces endothelium-dependent relaxations of pre-contracted rabbit mesenteric arteries. We propose that these CaSR-induced vasorelaxations are mediated by two separate pathways initiated in ECs: NO generation leading to stimulation of a PKG-mediated pathway and opening of BKCa channels in VSMCs, and stimulation of IKCa channel activity which is likely to induce endothelium-derived hyperpolarisations.
CaSR-mediated relaxations are endothelium-dependent
Increasing [Ca 2 + ] o between 1 mM and 6 mM induced a concentration-dependent relaxation of pre-contracted tone in rabbit mesenteric arteries, which was markedly inhibited by the calcilytic Calhex-231 and abolished by removal of a functional endothelium. In contrast, increasing [Ca 2 + ] o potentiated pre-contracted tone in endothelium-removed vessel segments. As predicted from these findings, CaSRs were expressed at the plasma membrane of freshly isolated mesenteric artery ECs and VSMCs. These results suggest that in the endothelium-intact artery, CaSR-mediated vasorelaxations are the dominant physiological phenomenon. These results are also consistent with earlier studies showing that CaSR mRNA and protein are expressed in ECs [10, 12, 14, 16, 38, 39] and VSMCs [12, [18] [19] [20] [21] [22] 24, [40] [41] [42] , and that stimulation of these CaSRs induces endothelium-dependent relaxations [12] [13] [14] 16] and endothelium-independent vasoconstrictions [17, 18] , respectively. Increasing [Ca 2+ ] o has also been shown to induce CaSR-mediated biphasic effects on pre-contracted tone, with an initial contraction followed by relaxation [9, 43] . CaSRs are also reported to be expressed on perivascular nerves, and stimulation of these receptors is proposed to induce the release of a nerve derived hyperpolarising factor (NDHF) which activates BKCa channels in VSMCs to induce hyperpolarisation and vasorelaxation [6, 7, [44] [45] [46] . The present study indicates a significant role for the endothelium in mediating CaSR-induced vasorelaxations, which suggests that perivascular nerves are unlikely to be involved. It is not known why there are differences between the present work and these earlier findings, although recent evidence indicates that capsaicin used to provide evidence for the involvement of perivascular nerves may also induce vasorelaxations through activation of TRPV1 channels expressed in ECs [47, 48] , and the identity of the proposed NDHF is currently unknown. Moreover, there may be species differences in CaSRmediated vascular effects.
NO production contributes to CaSR-induced endothelium-dependent relaxations
[Ca 2+ ] o -induced vasorelaxations of pre-contracted tone were reduced by inhibitors of eNOS, GC, PKG, and BKCa channels. These data provide strong evidence that stimulation of CaSRs induces the well-characterised NO-GC-PKG signalling cascade system, which couples to opening of BKCa channels in VSMCs leading to hyperpolarisation and vasorelaxation. A direct stimulatory action of NO on BKCa channels may also contribute to CaSR-mediated vasorelaxations [49, 50] . Further evidence that NO production plays a pivotal role in CaSR-mediated vasorelaxations was provided by experiments showing that increasing [Ca 2+ ] o induced NO production in isolated ECs loaded with fluorescent NO indicator DAF-FM, which was inhibited by Calhex-231 and L-NAME. An interesting observation was that basal DAF-FM fluorescence recorded in the presence of 1 mM [Ca 2+ ] o was also inhibited by Calhex-231 and L-NAME. This provides evidence that physiological plasma [Ca 2+ ] o levels may mediate resting vascular tone through stimulation of CaSRs and induce basal production of NO.
Our data are consistent with earlier data indicating a potential role for NO in CaSR-mediated responses in ECs and in other cell types [10] [11] [12] [13] 51, 52] NPS R-467 directly activates non-specific cation channels [61] . The clinically-used mimetic cinacalcet and calindol have also been shown to directly block voltage-gated calcium channels and activate VSMC K + channels [9] . Accordingly, our data using the endogenous CaSR ligand in freshly isolated native ECs offer important insights into the functional role of vascular CaSRs in vascular tone regulation. ] i , (C) and (D) show that inclusion of 3 µM free Ca 2+ in the patch pipette solution evoked currents which were inhibited by CbTX (100 nM) and apamin (300 nM). All points are from n = 6 patches from at least n = 3 animals. ] o from 1 mM to 6 mM evoked currents which were inhibited by Calhex-231 (3 µM) but were unaffected by L-NAME (300 µM). (C) and (D) show that [Ca 2+ ] o -induced currents were also inhibited by the addition of CbTX (100 nM) but were unaffected by apamin (300 nM). All points are from n = 6 patches from at least n = 3 animals. [14, 15, 53, 54] . However, this study did not use TRAM-34 since it also inhibits non-selective cation channels [55] , which may be important for generating the observed CaSR responses. The present work and others [24, 33] also show that SKCa channel activity is present in ECs, although it seems unlikely that SKCa channels have a role in CaSR-mediated vasorelaxations as the selective SKCa blocker apamin had no effect on CaSR-induced vasorelaxations or K + channel activity. The selective activation of IKCa over SKCa following CaSR activation potentially reflects the functional colocalisation of IKCa and CaSRs in the EC plasma membrane [14] , although the precise mechanism responsible for CaSR-induced IKCa activation remains unclear and is the subject of ongoing investigation.
CaSR-induced activation of IKCa channels in ECs contributes to relaxations
Co-application of L-NAME and CbTX produced an additional inhibitory effect on CaSR-induced relaxations compared to applications of L-NAME alone. Moreover, L-NAME did not affect CaSRinduced IKCa channel activity in isolated ECs. These findings indicate that CaSR-mediated vasorelaxations are unlikely to involve interactions between NO-mediated pathways and IKCa channels, which are consistent with earlier findings showing that NO is involved in activating SKCa but not IKCa channels in ECs [56] . It was apparent that following inhibition of NO-and IKCa-mediated pathways, increasing [Ca 2 + ] o potentiated pre-contracted tone, with a similar magnitude to that observed with removal of a functional endothelium. This further indicates that CaSR-induced endothelium-dependent vasorelaxations are mainly produced through NO-and IKCa channelmediated pathways. In future studies it will be interesting to investigate if the contribution of these two pathways to CaSR-mediated vasorelaxations differs at different [Ca 2+ ] o , and with different vascular beds and order branches. Our results also indicate a role for Kv7 channels in CaSR-mediated relaxations at higher [Ca 2+ ] o , as the pan Kv7 blocker linopirdine produce a small by significant reduction in these responses. Heteromeric Kv7.4/7.5 channels and other unidentified Kv channels expressed in VSMCs are reported to mediate relaxations induced by NO [27, [57] [58] [59] [60] . It is therefore possible that activation of Kv7.4/7.5 channels via a CaSR-mediated NO-mediated pathway may contribute to the observed vasorelaxations.
Possible significance of findings
The present work clearly indicates that endothelium-dependent vasorelaxations mediated by CaSRs contribute to the regulation of vascular tone. Indeed even at plasma Ca 2 + levels of 1-2 mM, CaSRinduced vasorelaxations occur, suggesting that endothelial CaSRs may sense free Ca 2+ ions in the blood as they pass over the luminal EC surface. Furthermore, active Ca 2+ extrusion from adjacent contracting vascular myocytes, may cause the localised [Ca 2+ ] o to be much higher within the tight space between the two cell layers than it is within the circulating blood [1, 3] . This paracrine Ca 2+ signalling may then help to amplify the contribution of vascular CaSRs to vascular tone regulation [62] .
Conclusions
Stimulation of CaSRs induces endothelium-dependent vasorelaxations which are mediated by two separate pathways involving production of NO and activation of IKCa channels. NO stimulates PKG leading to BKCa activation in vascular smooth muscle cells, whereas IKCa activity contributes to endothelium-derived hyperpolarisations.
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